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Human Cytomegalovirus (HCMV), an ubiquitous b-herpesvirus, is a significant pathogen that causes medically severe
diseases in immunocompromised individuals and in congenitally infected neonates. RhoB belongs to the family of Rho
GTPases, which regulates diverse cellular processes. Rho proteins are implicated in the entry and egress from the host
cell of mainly a- and g-herpesviruses, whereas b-herpesviruses are the least studied in this regard. Here, we studied the
role of RhoB GTPase during HCMV lytic infection. Microscopy analysis, both in fixed and live infected cells showed that
RhoB was translocated to the assembly complex/compartment (AC) of HCMV, a cytoplasmic zone in infected cells
where many viral structural proteins are known to accumulate and assembly of new virions takes place. Furthermore,
RhoB was localized at the AC even when the expression of the late HCMV AC proteins was inhibited. At the very late
stages of infection, cellular projections were formed containing RhoB and HCMV virions, potentially contributing to the
successful viral spread. Interestingly, the knockdown of RhoB in HCMV-infected cells resulted in a significant reduction
of the virus titer and could also affect the accumulation of AC viral proteins at this subcellular compartment. RhoB
knockdown also affected actin fibers’ structure. Actin reorganization was observed at late stages of infection originating
from the viral AC and surrounding the cellular projections, implying a potential interplay between RhoB and actin
during HCMV assembly and egress. In conclusion, our results demonstrate for the first time that RhoB is a constituent of
the viral AC and is required for HCMV productive infection.

Introduction

Human Cytomegalovirus (HCMV), a member of b-herpesvi-
rus subfamily, is considered among the most successful human
pathogens, due to its ability to establish persistent and latent
infections and to inactivate, modulate or evade adaptive and
innate immune responses. After primary infection, HCMV
establishes lifelong latency in the host and periodically it can reac-
tivate. Primary infection usually causes mild or subclinical dis-
eases in otherwise healthy individuals; however, it causes severe
complications in the case of immunocompromised patients, such
as transplant recipients, cancer patients following chemotherapy
and patients with advanced AIDS.1,2 HCMV infection in preg-
nant women is also the leading viral cause of congenital abnor-
malities and mental retardation in newborns.3,4 HCMV
pathogenesis largely depends on the effect of the viral proteins on
the host cell.

During lytic infection, viral genes are transcribed in a remark-
ably predefined temporal cascade, initiated with the transcription
of the immediate-early genes (IE), followed by the transcription

of the early (E) and finally the late (L) genes.5 The latter phase is
characterized by the assembly and release of new virions from the
host cell, a process involving the interaction of viral components
with nuclear and cytoplasmic cellular proteins, structures and
compartments which are often modified or relocated. Nascent
nucleocapsids, upon exiting the nucleus, embark on a maturation
journey that involves additional tegumantation and final envelop-
ment and takes place in a specific cytoplasmic region called the
assembly complex/compartment (AC). The AC consists of struc-
tural envelop and tegument viral proteins as well as cellular pro-
teins. The interior of the AC contains early endosomal vesicles
that are surrounded by trans-Golgi and Golgi vesicles in the form
of concentric cylinders, whereas the ER forms a ring around the
AC. Markers of the recycling and late endosomes also localize at
the AC. The endosomal sorting complex required for transport
(ESCRT) machinery and multivesicular bodies (MVB) play a
role in virion maturation.6-14

RhoB belongs to the Rho GTPase family of proteins that
comprises 6 subfamilies.15 The RhoA subfamily consists of
RhoA, RhoB and RhoC, which exhibit approximately 85%
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amino acid sequence identity.15,16 RhoB, contrary to RhoA and
RhoC, is generally regarded as a tumor suppressor protein.17

RhoB protein can be either geranylgeranylated (RhoB-GG) or
farnesylated (RhoB-F)18 and this may affect its intracellular local-
ization (reviewed in17). It has been reported that RhoB-GG local-
izes to multivesicular late endosomes and RhoB-F localizes to the
plasma membrane.19 RhoB has also been reported to localize to
early endosomes, to a pre-lysosomal compartment, to Golgi and
motile peri-Golgi vesicles, to cytoplasmic endosomes associated
with the perinuclear recycling compartment, to the nuclear mem-
brane/margin and to the nucleoplasm.19-24 RhoB plays a role in
epidermal growth factor receptor (EGFR) trafficking by recruit-
ing protein kinase C-related protein kinase 1 (PRK1) and the
PI3-kinase effector kinase PDK1 to the multivesicular body late
endosomal compartment,25,26 inhibiting the sorting of EGFR to
the lysosome and increasing EGFR recycling to the plasma mem-
brane, (reviewed in17). Moreover, RhoB regulates the Akt nuclear
localization in endothelial cells.23

Rho GTPases act as molecular switches regulating many
aspects of cell behavior, including cell cycle progression, migra-
tion, morphogenesis, chemotaxis, apoptosis and many
others.27-30 Intriguingly, the regulation of the aforementioned
biological processes is mediated by the dynamic changes and
the remodeling of the actin cytoskeleton in response to extracel-
lular signals (reviewed in31,32). As regards RhoB, it has been
shown that this particular Rho GTPase, in concert with actin
polymerization, coordinates Src activation with endosome-
mediated delivery to the membrane.24 Furthermore, RhoB reg-
ulates endosome transport by promoting actin assembly on
endosomal membranes and the polymerisation of an actin coat
around early endosomes through the Diaphanous-related for-
min, Dia1.33 Moreover, experiments using cancer cells have
demonstrated that the depletion of RhoB inhibits cell spreading
and stable lamellipodium extension and promotes migration,
but impairs persistence and directionality.34

The role of Rho proteins has been studied in relation to her-
pesviruses, especially a- and gamma-herpesviruses. There is
increasing evidence that herpesviruses are capable of usurping
Rho GTPases during the main stages of the viral lifecycle, such as
virus entry, translocation of the viral particles to the nucleus and
viral egress.35,36 Depending on the endocytic uptake routes
engaged during the initial interaction of the herpesviruses with
the host, specific Rho GTPase signaling is triggered and signifi-
cant actin cytoskeleton rearrangements are induced,37-40 creating
an optimal microenvironment for viral replication, persistence
and dissemination. It is of interest that apart from lytic infection,
the interactions between gamma-herpeviruses and Rho GTPase
signaling remain active even during non-productive infection,
facilitating either the establishment of latency41 or affecting cell
motility and invasion and promoting the oncogenic properties of
these viruses.36,42

Less information is available for b-herpesviruses. During the
initial phase of HCMV infection, total and activated-RhoA levels
are decreased and this contributes to the disruption of actin stress
fibers,43 a phenomenon that facilitates HCMV nuclear transloca-
tion.44-46 HCMV-encoded chemokine receptor US-28 activates

RhoA via Pyk2mediating cellular motility and also activates b-cat-
enin involving the Rho-Rho kinase (ROCK) pathway.47,48 More-
over, the Rho GTPase CDC42 is miRNA-regulated and plays a
role in HCMV AC morphogenesis along with RAB5C, RAB11A
and SNAP23.49

Herein, we addressed the role of RhoB during human cyto-
megalovirus lytic infection. We extensively examined the subcel-
lular distribution of RhoB both in fixed and live HCMV-
infected cells and found that RhoB translocates to the cyto-
plasmic area that corresponds to the HCMV AC. Interestingly,
depletion of RhoB results in significant reduction of the virus
titer and could affect the proper accumulation of several viral
proteins at the AC while the dynamic redistribution of RhoB at
late stages of the infection is coupled with actin reorganization.
Actin de-polymerization adversely affects the late stages of
HCMV lytic infection. Overall, RhoB plays a role in the assem-
bly of HCMV and is required for the infectious viruses
production.

Results

RhoB is upregulated upon HCMV infection and localizes at
the AC in HCMV-infected cells

In the first series of experiments, we studied the cytoplasmic
distribution of RhoB at Early and Late stages of HCMV infec-
tion in fixed cells by immunofluorescence microscopy. Infected
cells were stained with the viral nuclear protein pUL44 or with
the viral proteins, pp65, pUL97, and pUL32 that were used to
define the cytoplasmic area that corresponded to the AC at late
stages of the infection,11,50 although at earlier timepoints they
localize at the nucleus.51-53 Specifically, infected fibroblasts with
an MOI of 0.5 pfu/cell were fixed and stained for RhoB and each
of these viral proteins 2 days post-infection (d.p.i.), prior to AC
formation, as well as 3 d.p.i. when the AC was formed. RhoB
underwent significant changes in the abundance and localization
over the time course studied. Compared to the hardly detectable,
scattered, punctuate distribution of RhoB in the cytoplasm of
mock infected cells (Fig. 1A), RhoB accumulated more intensely
throughout the cytoplasm in HCMV infected cells and progres-
sively localized more strikingly close to the nucleus 2 d.p.i.
(Fig. 1B and D), a phenomenon that culminated after 3 days of
infection when the AC was formed. At this late stage of infection,
RhoB was recruited to the assembly site and remarkably localized
at the AC along with the above viral AC markers, demonstrating
that RhoB is associated in this viral compartment (Fig. 1C and
E). RhoB cytoplasmic translocation to the AC was accompanied
by increased RhoB protein levels, as determined by western blot
analysis. RhoB gradual upregulation paralleled the time course of
AC formation and RhoB protein levels reached maximum levels
4 d.p.i., when the AC was well-formed (Fig. 1F). A positive and
a negative cellular AC marker, the trans-Golgi Network marker,
TGN-38, and the early endosomal marker, Rab5, respectively,
were also employed to further study the subcellular localization
of RhoB in infected cells. RhoB clearly showed the same distribu-
tion pattern with the AC marker, TGN-38, in HCMV-infected
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cells (Fig. 1G upper panel). On the contrary, the early endoso-
mal protein, Rab5, exhibited limited subcellular association with
the AC-recruited RhoB, as Rab5 was rather scattered in the cyto-
plasm than localized in the AC, exclusively (Fig. 1G lower

panel). The same pattern of subcellular association has been
observed among several TGN markers, Rab5 and HCMV AC
proteins6,7,11,54 corroborating the specificity of RhoB localization
in the assembly site of the virus.

Figure 1. RhoB is upregulated upon HCMV infection and localizes at the AC in HCMV-infected cells. HFFs were either mock infected (A) or infected with
HCMV AD169 at MOI D 0.5 pfu/cell. (B and C) RhoB cytoplasmic expression pattern in HCMV infected cells 2 d.p.i. and 3 d.p.i., respectively. HFFs were
stained for the viral nuclear protein pUL44 (green) and RhoB (red). Nuclei were stained with DAPI. (D and E) HCMV-infected cells were fixed either 2 d.p.
i. or 3 d.p.i. and they were immunostained for the viral AC markers pp65, pUL97, pUL32 and for RhoB, followed by incubation with a mouse-specific Alexa
Fluor 488 conjugate (green, viral proteins) or a rabbit-specific Cy3 conjugate (red, RhoB) and DAPI. (F) Kinetics of RhoB expression during the course of
HCMV infection determined by western blot. (G) Subcellular localization of RhoB (red) in association with the cytoplasmic (cyt) distribution of the trans-
Golgi Network marker TGN-38 (green, upper panel) and Rab5 (green, lower panel) 3 d.p.i. The cells were also co-stained for pUL44 (green) as a nuclear
(nuc) marker of infection progress. (bar: 10 mm).
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Live cell imaging of AC formation
and RhoB AC recruitment

The results on fixed cells indicating
that a considerable proportion of RhoB
progressively translocates to the AC,
prompted us to study the dynamics of
this phenomenon in live infected cells.
HFF cells were electroporated with the
retroviral vector mRFP-RhoB that
expresses RhoB fused to the red fluores-
cent molecule, mRFP and infected with
the recombinant virus UL32-EGFP-
HCMV-TB40 expressing the capsid-
associated tegument protein pUL32
fused to EGFP. Immunogold labeling of
EGFP and subsequent electron micros-
copy using this recombinant virus has
proven that the EGFP signal represents
true virion particles and does not origi-
nate from EGFP polypeptides while the
kinetics and the proper localization of
pUL32 by newly synthesized HCMV
particles during the late stages of infec-
tion using this recombinant virus have
been successfully shown in HFF infected
cells.51 However, upon electroporation
of HFFs, we observed a slight delay
regarding the timeframe of expression of
viral proteins in infected cells. Time-lapse
microscopy was carried out by sequential
photography of infected fibroblasts cul-
tures in an inverted fluorescence micro-
scope. In uninfected cells transiently
expressing mRFP-RhoB, the exogenous
RhoB was evenly distributed throughout
the cytoplasm, slightly more intense
around the nucleus (Fig. 2A, a). Images
captured from live cells infected with
UL32-EGFP-HCMV-TB40 (MOID5)
showed that a subset of both RhoB and
pUL32 protein were recruited at the AC,
at late stages of the infection (Fig. 2A, b–
d). The remainder fraction of pUL32
protein was observed in the nucleus
(Fig. 2A, b) while both proteins were
also observed all over the cytoplasm of
the infected cells (Fig. 2A, b–d).

InHCMV-infected cells, RhoB exhib-
ited a dynamic rearrangement through-
out the course of the infection compared
to uninfected cells. RhoB cytoplasmic
accumulation was first more striking
around and adjacent to the nucleus
(Fig. 2B, a). The initiation of AC forma-
tion became evident by the appearance of
a small green fluorescent focus

Figure 2. Dynamic recruitment of RhoB at the viral AC in live HCMV infected fibroblasts and cyto-
plasmic translocaion of RhoB and pUL32 at late stages of infection. (A) Cellular distribution of RhoB fol-
lowing transfection with the mRFP-RhoB plasmid in a live non-infected cell (a). Live human fibroblasts
transiently expressing mRFP-RhoB were infected with the UL32-EGFP-HCMV-TB40 virus at MOID5 pfu/
cell and the image was captured 5 d.p.i. (b–d). (B) Live HFFs as above were monitored by time-lapse
microscopy and images were obtained every 6 hours, initiating at 108 hours post-infection (h.p.i.). Pre-
sented are selected double-labeled images that illustrate the dynamic recruitment of RhoB at the
pUL32-containing AC. Arrow indicates the position of the HCMV AC. (C) Visualization of RhoB (red) and
pUL32 (green) translocation in the cytoplasm of a single live-infected cell similarly transfected and
infected as in A and B, above, at 6 d.p.i. (a), 7 d.p.i (b) and 8 d.p.i. (c) Arrows indicate the HCMV AC site
(bar: 10 mm).
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representing the pUL32 viral protein and
conceivably newly synthesized pUL32-
containing virions, adjacent to the nucleus
that progressively increased in size
(Fig. 2B, a, see arrow and b–c). Concomi-
tantly, the nascent AC was surrounded by
a cytoplasmic accumulation of RhoB that
progressively became more compact and
shortly, a significant proportion of RhoB
was localized along with the pUL32 at the
HCMV AC (Fig. 2B, c–e). RhoB distri-
bution at the AC followed the dynamic
changes regarding the shape of the AC
(Fig. S1A and B). RhoB cytoplasmic
localization was initially more striking at
the AC (Fig. 2B, c–e), but progressively
accumulated at the periphery of the cells at
late stages of the infection (Fig. 2B, b–e
and Fig. S2). Interestingly, detailed
microscopic analysis showed that after the
formation of the AC, a proportion of
exogenous RhoB seemed to leave the AC
and it was found in the cytoplasmic area
outside the AC, whereas a fraction of
RhoB remained at the AC (Fig. 2C,
arrows). EGFP foci representing pUL32-
containing newly synthesized virions were
also observed in the cytoplasmic area
between the AC and the cell membrane at
late stages of infection. Viral particle
movements at this stage of the infection
were extensively presented in a previous
study51 and it would be of interest to cor-
relate RhoB dynamic cytoplasmic distri-
bution and the movement of virions
toward cell periphery in a future study.

RhoB localization and actin
organization in cellular projections at
late stages of HCMV infection

Live cell microscopy experiments
revealed a dynamic redistribution of
RhoB during the course of infection.
Indeed, monitoring single-infected cells
for prolonged times illustrated that the
initial bright perinuclear accumulations
of RhoB were followed by its recruitment
to the AC adjacent to the nucleus and the
subsequent progressive distribution of
these moving puncta through the cyto-
plasm, reaching at the periphery and
strikingly accumulating at cellular projec-
tions, at later times of the infection.

Infected fibroblasts with the recombinant HCMV expressing
pUL32-EGFP and transiently overexpressing mRFP-RhoB
formed remarkable cellular projections at the final stages of

infection which were often branched (Fig. 3A). Overexpressed
mRFP-RhoB, apart from the AC, was also strikingly localized at
the edges of these projections, while pUL32-containing HCMV
particles were also found in these formations (Fig. 3A), although

Figure 3. RhoB localization in cellular projections at late stages of HCMV infection. (A) Live HFFs
expressing mRFP-RhoB were infected with the UL32-EGFP-HCMV-TB40 virus at MOID5 pfu/cell.
Images were obtained by timelapse microscopy 11 d.p.i. (B) Striking localization of the endogenous
RhoB at the edges of cellular projections (arrows) containing pUL32-EGFP labeled virus particles at
very late stages of HCMV infection. (C) The endogenous distribution of RhoB was visualized in fixed
cells by indirect immunofluorescence. The enlargement illustrates the intimate contacts established
between UL32-EGFP-HCMV-TB40 infected cells in non-confluent cell cultures. Nuclei were stained
with DAPI. (bar: 10 mm).

2752 Volume 14 Issue 17Cell Cycle

D
ow

nl
oa

de
d 

by
 [

G
eo

rg
e 

So
ur

vi
no

s]
 a

t 1
3:

05
 3

0 
A

ug
us

t 2
01

5 



after detailed microscopic analysis the spatial association with
RhoB was not complete. Live cell analysis showed that the pro-
trusions in the infected cells were not formed due to passive
retraction of the cells, but they were actively produced during
infection. On the contrary, in live uninfected cells mRFP-RhoB
was distributed evenly throughout the cytoplasm and slightly
more intense around the nucleus (Fig. 2A, a). This pattern
remained unaltered in mock infected cells even at incubation
times longer than the timeframe of HCMV infection (Fig. S3),
confirming that RhoB specifically translocates to the tips of cellu-
lar protrusions due to HCMV at late stages of the infection. The
fact that HCMV infection causes accumulation of mRFP-RhoB
at cellular projections in live cells was further verified with the
wild-type HCMV (data not shown).

Similar localization of endogenous RhoB in cellular projec-
tions was observed in UL32-EGFP-HCMV-TB40-infected cells
(Fig. 3B). These projections were also found to contain numer-
ous pUL32-EGFP puncta representing HCMV capsids.51 It was
observed that both endogenous RhoB and pUL32-EGFP-

containing virions, occasionally accumulated in cellular projec-
tions (Fig. 3B, see arrows). In non-confluent cell cultures, these
cell projections established intimate contacts with neighboring
cells (Fig. 3C, enlargement).

Staining of similarly infected cells with rhodamine-labeled
phalloidin, showed that compared to mock infected cells
(Fig. 4a), they formed wide cellular projections that contained
elongated actin stress fibers along with the releasing pUL32-
EGFP virions (Fig. 4b–g). Detailed microscopic analysis revealed
that the intense stress fibers were exclusively located at the stripe
sides of each cellular projection, whereas the actin cortex was
depleted at the projection tips and actin was locally reorganized
at the egress sites, forming a blind edge (Fig. 4, enlargements e–
g). Thus, the formation of the aforementioned actin-containing
cellular projections combined with the dynamic translocation of
RhoB and the capsid-associated tegument protein, pUL32, sug-
gests a potential role in the process of enhancing the intercellular
and/or intracellular viral spread, a phenomenon that would be
very interesting to further study with more detailed experiments.

Figure 4. Cellular projections containing elongated actin stress fibers enclose accumulations of new virions at late stages of HCMV infection. HFFs were
either mock infected (a) or infected with the UL32-EGFP-HCMV-TB40 virus at MOI D 5 pfu/cell and fixed 8 d.p.i. (b–d). Actin fibers were stained with rho-
damine-labeled phalloidin and the nuclei were stained with DAPI. The enlargements (e–g) show in detail the stress fibers formed, surrounding pUL32-
EGFP labeled virions. (bar: 10 mm).
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RhoB localizes at the AC in the absence of late viral proteins
from the AC and affects their recruitment to the AC

The spatial-temporal localization of the RhoB GTPase in the
HCMV AC raised the question whether RhoB attracts the viral
proteins to the AC or whether the viral proteins forming the AC
recruit RhoB to the AC. To address this issue, HFFs were either
mock infected or infected with HCMV AD169 and either
treated with the antiviral drug, ganciclovir (GCV), that inhibits
viral DNA synthesis or with the drug solvent. Cells were fixed
4 d.p.i. and stained for the viral AC markers, pp65 or pUL32, as
well as for RhoB (Fig. 5). Treatment of mock infected cells with
ganciclovir did not affect the localization of endogenous RhoB
(Fig. 5b, c, k, l). The immunofluorescence analysis illustrated
that despite the failure of recruitment of the above viral proteins
and presumably and other viral proteins to the AC and the lack
of formation of a typical HCMV AC containing viral proteins in
the GCV-treated cells, (Fig. 5g and p), RhoB retained its ability
to translocate to the cytoplasmic area, in a spherical structure jux-
taposed to the nucleus, apparently corresponding to the AC
(Fig. 5h and q). Therefore, in infected cells RhoB translocates to
the AC, regardless the presence or absence of the antiviral drug
GCV and regardless the presence (Fig. 5, d–f and m–o) or
absence (Fig. 5, g–i and p–r) of the viral AC proteins at the AC.

To address the reverse scenario, HFFs were transduced with
the doxycycline-inducible lentiviral vector, TRIPZshRhoB that
targets RhoB and subsequently infected with the UL32-EGFP-
HCMV-TB40 virus. A doxycycline-inducible TRIPZshRNA
lentiviral non-targeting (scrambled) vector (named TRIPZshscr)
was also used, serving as a negative shRNA control vector.
Although the shRNA cassette, inducibly expressed by the lentivi-
ral TRIPZshRhoB vector, effectively downregulated RhoB
expression as detected by western blotting in total cell extracts,
immunofluorescence microscopy showed that individual cells
could still express residual RhoB protein which was localized at
the AC in the setting of infection (data not shown). Apparently,
the remaining protein after the imperfect RhoB depletion is still
capable of being recruited at this viral compartment. When
RhoB was knocked down upon the doxycycline-induction of the
shRNA expression, we could observe cells in which pUL32-
EGFP did not localize at the AC or cells in which the pUL32-
EGFP accumulation at the AC was affected 5 d.p.i. (Fig. 6A,
upper panel), whereas at the same timeframe, non-induced
(¡Dox) cells (Fig. 6A, middle panel) or cells expressing the shscr
control vector (Fig. 6A, lower panel) exhibited a typical AC, con-
firming the specificity of the effect in RhoB-silenced cells. That
was also the case when similarly lentiviral transduced cells as
described above, were stained for pp65 (Fig. 6B) or pUL97
(Fig. 6C), 5 days after HCMV AD169 infection. The above
observations provide evidence that RhoB is not only associated
with the AC, but even more, it is also an important constituent,
contributing to the formation of the viral AC.

Depletion of RhoB results in reduction of progeny virion
production

To explore the overall effect of RhoB on the viral yield, we
used the above described shRNA approach. HFFs were first

transduced either with the doxycycline-inducible lentiviral vector,
TRIPZshRhoB, in order to knockdown RhoB or control vectors
[empty vector (EV) or shRNA scramble vector (shscr) in the pres-
ence or absence of Dox] followed by HCMV AD169 infection.
Supernatants from all HCMV-infected cells were harvested

Figure 5. In HCMV infected cells, RhoB localizes at the AC in the absence
of late viral proteins from the AC. HFFs were either mock infected and
treated with ganciclovir (GCV) (a–c and j–l) or were infected with HCMV
AD169 at MOI D 0.5 pfu/cell and either treated with the drug solvent
(d–f and m–o) or with GCV (g–i and p–r). Cells were fixed 4 d.p.i. and
immunostained for the viral AC markers, pp65 or pUL32 (green), as well
as for RhoB (red). Nuclei were stained with DAPI. (bar: 25 mm).
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5 days after infection and titrated on fresh HFFs by IE1 fluores-
cence, combining 2 previously described approaches.55,56 The
percentage of the IE1-positive cells was statistically significantly
reduced in the fresh HFFs infected with supernatants of the
RhoB-depleted cells, compared to the ones infected with the
supernatants of the control non-induced TRIPZshRhoB fibro-
blasts (Fig. 7A and B). A similar statistically significant decrease

in the number of IE1-expressing cells derived from the RhoB-
silenced cells was evident when they were compared to the IE1-
positive cells that corresponded to the EV or shscr-transduced
HCMV-infected cells, either in the presence or absence of doxy-
cycline (Fig. 7B). Therefore, the knockdown of RhoB results in
a profound decrease in the viral yield, suggesting a key role of
RhoB in HCMV production.

Reduction of the viral yield may be due to a block in virus
entry provoked by the knockdown of RhoB. To address this
issue, HFFs that had been transduced with the shRNA scramble
or with the TRIPZshRhoB vector in the presence or absence of
doxycycline, were infected with wild-type HCMV and the cell-
associated virus was assessed 6 h.p.i. Real-time PCR analysis
revealed that the number of the viral genomes that had infected
the cells was comparable, irrespective of RhoB expression levels
(Fig. 7C), confirming the efficient viral entry in the RhoB-
depleted cells.

Decreased progeny virus was not due to an inhibition in viral
protein synthesis either, as indicated by a western blot analysis of
the viral proteins, IE1, pUL44 and pUL97. Regardless of the
expression levels of endogenous RhoB (normal or knockdown),
the expression of the above viral proteins, representing the imme-
diate-early, early and late viral gene expression, respectively, was
not affected (Fig. 7D).

Actin reorganization at the AC in HCMV-infected cells
RhoB has been reported to regulate actin fiber structure.57,58

Normal fibroblasts have a rather impressive actin filament net-
work. Exploring the effect of RhoB depletion on the cytoskeleton
by transducing HFFs with the lentiviral vector, TRIPZshRhoB,
we observed a robust modification in the alignment of stress
fibers, from the parallel-running actin fibers in the normal fibro-
blasts (Fig. 4a) to a random orientation of the fibers where a sub-
set of bundles acquired a vertical direction to the main axis in the
RhoB-depleted cells (Fig. S4A). The organization of actin cyto-
skeleton remained unaffected in cells transduced with the
TRIPZshscr control vector (Fig. S4B), confirming that the pro-
nounced change in the organization of actin filaments is specifi-
cally due to the genetic silencing of RhoB.

In contrast to the fine structure of actin cytoskeleton in
mock infected human fibroblasts (Fig. 4a), shortly upon
HCMV infection, actin fibers are disrupted and this has been
reported to enhance the translocation of the incoming viral
particles to the host nucleus and hence it is to the benefit of
the virus.44,46,59,60 However, the fate of actin cytoskeleton at
late stages of the infection has not been thoroughly studied so
far. To this end, HFFs were infected with wild-type HCMV
and co-stained for the cytoplasmic protein, RhoB, as well as
for actin using rhodamine-phalloidin. Additionally, the large
replication compartments formed at the nucleus containing
pUL44, served as markers of advanced viral infection. The
destructive effect of the virus on the actin cytoskeleton was still
apparent 2 days after infection, when the infected cells showed
less stress fiber formation compared to their mock-infected
counterparts (Fig. 8). However, a progressive reconstitution of
actin filaments initiating 3 d.p.i. and sustaining for several

Figure 6. The accumulation of several viral proteins at the AC is affected
in RhoB-depleted cells. HFFs were transduced with the lentiviral vector,
TRIPZshRhoB, and the expression of the RhoB shRNA cassette was either
induced by treatment with doxycycline (CDox) or not (¡Dox). The
scrambled shRNA TRIPZ lentiviral vector (TRIPZshscr) was used as a nega-
tive control. Doxycycline-treated TRIPZshRNA-expressing cells exhibited
red fluorescence. The lentiviral-transduced and doxycycline-treated cells,
as well as lentiviral-transduced untreated control cells, were infected
either with the UL32-EGFP-HCMV-TB40 virus at MOI D 5 pfu/cell and
images were captured 5 d.p.i. (A) or with HCMV AD169 at MOI D 0.5 pfu/
cell and stained for pp65 (B) or pUL97 (C) 5 d.p.i. The arrows indicate the
localization of the AC. Nuclei in fixed cells were stained with DAPI. (bar:
10 mm).
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Figure 7. Depletion of RhoB results in the reduction of HCMV progeny virion production. (A) HFFs were first transduced with either the doxycycline-
inducible lentiviral vector, TRIPZshRhoB, or control vectors [empty vector (EV) or shRNA scramble vector (shscr)], in the presence or absence of doxycy-
cline. The transduced cells were subsequently infected with HCMV AD169 at MOI D 0.5 pfu/cell. Supernatants from all lentiviral transduced HCMV
infected cells were harvested 5 days after infection, fresh HFFs were subsequently superinfected with these supernatants, and fixed and stained for viral
IE1 expression 24 hours later. Cell nuclei were counterstained using DAPI. (bar: 1 mm). (B) IE1 gene expression of fresh superinfected HFFs described in
(A) was analyzed by counting representative microscopy fields. A minimum of 500 cells were counted for each vector from each of 3 independent experi-
ments. The percentage of IE1-positive cells was quantified and statistical analysis was performed by One-Way Anova. Erros bars, SD. Genomic and viral
DNA and total protein extracts were examined by qPCR (C) and western blotting using the indicated antibodies (D) in similarly transduced and HCMV
infected cells as in (A)
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days was evident, predominantly at the site of the AC. In par-
ticular, newly synthesized actin filaments were formed, initially
relatively short and progressively longer and branched, remark-
ably originating from a juxtanuclear location corresponding to
the core of the viral AC. Thus, the formation of the AC seems
to induce the reorganization of the actin network within the
host cell probably facilitating HCMV assembly and likely the
subsequent steps of virion migration and/or egress.

Disassembly of actin fibers does not disperse the AC but
reduces the viral yield

Taking into account that RhoB can affect actin structure in
fibroblasts and also that actin filaments are reorganized at the AC
of infected cells and at cellular projections at late times of infec-
tion, we tested whether the reduction in the viral yield upon

RhoB knock down may be associated
with alterations in actin fibers organiza-
tion induced by RhoB depletion. HFFs
were infected with HCMV AD169 and
on day 5 p.i. the cell culture medium
was removed, fresh medium was added
and the cells were treated for 1 hour
with Cytochalasin B, a potent disruptor
of actin filaments. Immunofluorescence
analysis showed that despite the com-
promised actin cytoskeleton after the
Cytochalasin B treatment, the viral AC
was not dispersed, as indicated by the
recruitment of either RhoB or pp65 in
this characteristic compartment
(Fig. 9A, b, c and e). In contrast, the
destruction of the microtubule network
by nocodazol for 1 hour severely
affected the RhoB localization at the
AC (Fig. 9A, f), confirming that the
integrity of the microtubule network is
critical for the maintenance of the AC50

and that RhoB is a component of this
viral compartment.

Titration of supernatants harvested
from the above Cytochalasin B-treated
cells was performed by IE1 fluores-
cence, as descibed above and showed a
statistically significant reduction of
virus titer compared to the non-treated
cells (Fig. 9B), suggesting that although
the gross structural integrity of the AC
was likely retained, in terms of several
of its components, its functionality
might have been affected. Reduction of
viral titer upon Cytochalasin B treat-
ment implies that actin cytoskeleton
could play a role during viral assembly
and/or egress. Other mechanisms that
remain to be elucidated in future stud-
ies may also contribute.

Discussion

The assembly of new HCMV virions is a complex multi-step
process that initiates in the nucleus of the infected cell and pro-
gresses at the juxtanuclear cytoplasmic assembly compartment,
which is an interface of many cellular and viral proteins, impor-
tant for mature virion formation. RhoB was recruited at the
HCMV AC along with the viral proteins, pp65, pUL32, pUL97
and pUL99 (Figs. 1E, 2A and B, and Fig. S1B). As previously
described,51,52,61 we detected the pUL32 protein both at the
nucleus and the cytoplasm of the infected cells at late stages of
the infection. Nuclear signal was present prior to the AC forma-
tion in agreement with previous studies,51,52 however in our

Figure 8. Actin reorganization at the AC in HCMV infected cells. Human fibroblasts were infected with
HCMV AD169 at MOI D 0.5 pfu/cell. Cells were fixed at the indicated time points after infection and
stained for pUL44 (nuclear) and RhoB (cytoplasmic) proteins. Actin fibers were visualized by direct
immunofluorescence using rhodamine-labeled phalloidin. Nuclei were stained with DAPI (bar: 10 mm).
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study, a more intense fluorescence
nuclear signal was observed in fixed than
in live infected cells (Fig. 1 and Fig. 2),
probably due to different reagents used.
Moreover, viral protein pp65 has been
reported to initially localize at the
nucleus of the infected cells and at later
times of infection both at the nucleus
and the cytoplasm, at the viral AC com-
partment.11,50,52 Upon GCV treatment,
residual pUL32 and pp65 proteins that
are expressed,62,63 are restricted to their
nuclear localization (Fig. 5, g,i and p,r).
The failure of viral proteins to localize at
the AC after inhibition of viral DNA syn-
thesis by GCV, is in concert with previ-
ous studies using anti-HCMV
molecules.13,64 Interestingly, RhoB was
still able to be recruited at the HCMV
AC, even when the Late phase of the viral
life-cycle was inhibited by GCV and
proper AC was not formed (Fig. 5, h–i
and q–r). The active translocation of
RhoB at a cellular compartment which
normally hosts the viral AC, even if the
AC is finally not configured, further sup-
ports an important structural role of
RhoB in the formation of this viral zone.
The signaling pathways dictating the
dynamic localization of RhoB toward the
viral AC remains to be elucidated in
future studies.

The striking difference regarding RhoB
cytoplasmic distribution among unin-
fected or mock infected cells (Figs. 1A,
2A, a and Fig. S3) and HCMV-infected
cells (Figs. 1B–E, 2, 3, and Figs. S1 and
S2) is accompanied by a progressive upre-
gulation of RhoB protein levels over the
course of the infection (Fig. 1F). This is of interest, as it has been
reported that the cellular proteins, CD63, TGN46 and CD-
M6PR, that also localize at the AC are downregulated in infected
cells and are incorporated in new virions.7

During the formation of the AC, extensive cytoplasmic
remodeling occurs, resulting in dramatic reorientation of the
secretory machinery, including the early endosomes.6,7,10,14

Although RhoB has been reported to localize to early endo-
somes,20 it is not fully spatially associated with the early endo-
some protein Rab565,66 in HCMV-infected cells (Fig. 1G lower
panel). This pattern of partial subcellular association between
RhoB and Rab5 is in agreement with the fact that Rab5 only par-
tially co-localizes with the viral AC protein gB11 and does not
precisely designate the viral AC.6 Moreover, limited colocaliza-
tion between Rab5 and the early endosome protein EEA1 has
also been observed in HCMV-infected fibroblasts, whereas EEA1
localizes at the AC.6 On the contrary, in HCMV infected cells

RhoB shows the same distribution pattern as the TGN marker,
TGN-38 (Fig. 1G upper panel), an observation in line with the
fact that other TGN markers, such as TGN-46 and p230, also
localize at the AC.6,7,11,50,54

Live cell imaging using an autofluorescent RhoB construct,
mRFP-RhoB, and the recombinant UL32-EGFP-HCMV-TB40
virus, not only confirmed the observations from the experiments
in fixed cells but additionally shed light into the dynamics of
RhoB spatial localization in association with the pUL32 tegu-
ment protein at the late stages of HCMV infection. Apart from
its marked upregulation, RhoB is also relocated during viral
infection, changing from an initial cytoplasmic, relatively scat-
tered distribution to a striking recruitment to sites where new
virions are assembled, along with structural HCMV proteins,
such as pUL32 (Fig. 2A and B). The RhoB spatial relocalization
during HCMV infection is reminiscent of another small GTPase,
the Rab27a redistribution, a regulator of lysosome-related

Figure 9. Disassembly of actin fibers does not dramatically disperse the viral AC but reduces the viral
yield. (A) HCMV AD169-infected fibroblasts, 5 d.p.i., were treated either with Cytochalasin B (CytoB,
b, c, e) or with nocodazol (Noc, f) or the corresponding organic solvent (a, d) for 1 hour. The cells
were then fixed and stained for RhoB (a, b, d–f), pp65 (c) and a-tubulin (d–f). Actin filaments were
stained with FITC-labeled phalloidin (a–c) while nuclei were stained with DAPI. (bar: 10 mm). (B)
Supernatants harvested from the above Cytochalasin B-treated and control cells were quantified on
fresh HFFs by IE1 fluoresence, counting representative microscopy fields, examining more than 500
cells from each of 3 independent experiments. The percentage of cells expressing IE1 was quantified
and statistical analysis was carried out by One-Way Anova. Error bars, SD.
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organelle transport,67 suggesting that HCMV advantageously
manipulates the secretory apparatus, resulting in its extensive but
coordinated reconfiguration to facilitate viral assembly and matu-
ration. Interestingly, RhoB has been reported to also localize to a
pre-lysosomal compartment.20 Moreover, using the same experi-
mental system, it became evident that RhoB migrates within the
cytoplasm (Fig. 2C), from the HCMV AC toward the tips of
cell projections (Fig. 3A and Fig. S2). This finding provides the
first evidence of a regulatory role of RhoB in the cytoplasmic viral
maturation or trafficking pathway.

The critical role of RhoB in HCMV life cycle was further
illustrated by the compromised accumulation of viral proteins at
the AC in a proportion of HCMV infected RhoB-knockdown
cells (Fig. 6), followed by the substantial reduction of the prog-
eny virus in RhoB-depleted cells (Fig. 7). Previous studies have
either tested the role of Rho GTPase, RhoA43 or the role of Rho-
associated protein kinases (ROCK) using specific inhibi-
tors48,68,69 however, focusing mainly at the very early stages of
HCMV infection. Rab genes, another family of small Ras-like
GTPases whose products control membrane traffic, are differen-
tially regulated during HCMV infection70 and Rab members,
such as Rab3, Rab6, Rab11 and Rab27a have been shown to be
essential for viral assembly and successful viral produc-
tion.11,67,71,72 Immunofluorescence analysis in normal HCMV
infected fibroblasts showed that pp65 was not present in all viral
ACs (data not shown), a fact which is in agreement with previous
studies reporting that pp65 serves as an optional scaffold protein
for virion formation.73 The same was also true for pUL97 (data
not shown). Moreover, in RhoB-knockdown HCMV infected
cells, residual RhoB could be detected at the AC by immunofluo-
rescence (data not shown). When staining HCMV infected
RhoB-knockdown cells with the above viral AC-markers or mon-
itoring live cells infected with the UL32-EGFP-HCMV-TB40
virus and after excluding the cells without any apparent viral pro-
tein cytoplasmic accumulation indicative of AC formation, we
observed a proportion of cells with less and improper accumula-
tion of viral AC-markers at this subcellular compartment in com-
parison to either non-transduced cells or to control TRIPZshscr
transduced cells (Fig. 6). Our microscopy analysis provides good
arguments for a role of RhoB as an important component of the
viral AC, contributing to the architecture of this structure. This
finding is further supported by the dynamic adjustment of RhoB
cytoplasmic distribution to changes in the shape of the AC (Fig.
S1) and by the fact that nocodazole, which is known to disperse
the viral proteins from the AC, exerts the same effect on RhoB
(Fig. 9A, f).

Our functional experiments silencing RhoB demonstrated a
statistically significant reduction in the number of secreted infec-
tious viral particles in RhoB-deficient cells (Fig. 7A and B).
RhoB is mainly localized to the cytoplasmic face of the endoso-
mal membranes20,74 and shows unique functions in the control
of endocytic traffic.25 Several studies have provided a better
understanding of the role that endosomal compartments play
during HCMV maturation, both at the structural and the func-
tional level. There is current evidence supporting that secondary
viral envelopment takes place within early endosomal

compartments by budding into endosomal vesicles, which fuse
with the plasma membrane to release virions to the extracellular
medium.6,8,9,75,76 It has also been suggested that HCMV
acquires its final envelop by budding into Golgi-derived vacuole
compartments positive for TGN-46, Rab3, gB and Mannosidase
II11 and that TGN perhaps contributes to final envelopment.6,50

Considering the reduced progeny production after the depletion
of RhoB, we propose that HCMV exploits the cellular machinery
involved in endosomal function for its assembly. This result iden-
tifies RhoB as a player in HCMV production, further supporting
a relationship between HCMV and endosomes. RhoB, among
other Rho GTPases, is a major determinant of vesicular traffick-
ing in the cytoplasm and thus, it is appealing to speculate that
HCMV viral secretion may be regulated by RhoB.

Shortly upon HCMV infection, host actin filaments are dis-
rupted43,45,46,59,68,77 and it has been described that there are 3
transient phases of actin depolymerization that occur at 20 min,
5 to 10 h and 48 to 72 h.p.i.78 This phenomenon extends
throughout the cytoplasm and facilitates HCMV nuclear translo-
cation and infectivity as indicated by the fact that Cytochalasin B
treatment at early stages of HCMV infection resulted in
increased viral yield.46 On the contrary, in our study, a short
Cytochalasin B treatment at late stages of the infection resulted
in a statistically significant reduction in the virus titer during
treatment (Fig. 9B), indicating a necessity for polymerized actin
cytoskeleton at this phase. The phenomena that predominate at
this stage of the viral lifecycle are the assembly of new virions and
their egress from the host cell. Interestingly, viperin, a protein
causing actin disruption upon HCMV infection, has been
reported to colocalize with vMIA to the mitochondria 1 d.p.i.
and is redistributed to the AC at 3 d.p.i.,44 a timeframe coincid-
ing with actin reorganization detected in our study. The observed
reorganization of actin filaments at the area of the AC (Fig. 8)
and at the cellular projections of the infected cells (Fig. 4b–g), in
combination with the above viral yield result upon Cytochalasin
B treatment, is suggestive of an opposite role of actin in virus
assembly and/or egress compared to viral entry in the host cell.

Interestingly, actin has been shown to be present in purified
herpesviruses, possibly playing a structural role, although the
incorporation process is not known.39 The fact that Cytochalasin
B treatment does not dramatically disperse pp65 and RhoB from
the AC (Fig. 9A, b, c and e) does not downgrade the importance
of actin at this stage of the infection, taking into account the con-
tribution of actin in the structure and function of cellular organ-
elles such as the Golgi and the TGN79-81 that are manipulated
by the virus during assembly and perhaps egress. Moreover, actin
pattern is remarkably different in cells in which RhoB has been
knocked down compared to control cells (Fig. S4), an observa-
tion leading to a similar hypothesis. Actin remodeling is also
important during endocytosis, exocytosis and membrane traffick-
ing. Taking into account the important role of endosomes during
the late stages of HCMV infection, it is of particular interest that
RhoB promotes actin assembly on endosomal membranes
through Dia1 and regulates endosome transport.33 The progres-
sive overexpression of RhoB observed in our experiments and
particularly at the later stages of HCMV infection, could be
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combined with a regulatory role of this small GTPase, either
directly or indirectly through Rho effectors, such as mDia or
ROCK, in the formation of actin stress fibers and in a potential
mechanism involving actin and endosomes during HCMV
assembly and/or egress. Further experiments are now in progress
in our laboratory to address this important issue.

RhoB overexpression enhances the formation of cellular pro-
jections of HCMV-infected fibroblasts (Fig. 3A). Newly synthe-
sized virions preferably accumulate at the projections while
moving from the AC toward the cellular membrane to exit the
cell (Fig. 3 and Fig. 4). Interestingly, RhoB and pUL32-contain-
ing virions occasionally accumulated simultaneously at the tips of
these cellular projections. Therefore, the overexpression of RhoB
at late stages of HCMV infection might provide more exit routes
to new virions and may facilitate viral egress. In spite of the disas-
sembly of the actin cytoskeleton in HCMV-infected cells, the
outlines of the cell projections formed during viral egress contain
newly assembled actin stress fibers (Fig. 4e–g). These projections
extend to neighboring cells (Fig. 3C) and similar cell projections
at late stages of infection have been detected in several a-herpes-
viruses, such as HSV-1, VZV and PRV enhancing the intercellu-
lar viral spread (for review35,36,39,40).

In conclusion, our study demonstrates for the first time a
structural and functional role of RhoB GTPase in the formation
of the HCMV AC and probably in viral egress, further support-
ing the role of endosomal compartments in these processes. Iden-
tifying the interactions of RhoB with other viral and host AC-
partners, may provide useful insight in understanding the molec-
ular mechanisms ruling the late stages of HCMV life-cycle and
for the development of novel anti-HCMV therapeutic strategies.

Materials and Methods

Cells, viruses and small molecules
Human foreskin fibroblasts (HFFs) and HEK 293T cells were

cultured in Dulbecco’s modified Eagle’s medium with high glu-
cose (Biosera, UK) supplemented with 10% fetal bovine serum,
100 U/ml penicillin and 100 mg/ml streptomycin. The wild-
type HCMV laboratory strain, AD169, as well as the recombi-
nant TB40 strain, UL32-EGFP-HCMV-TB4051 (kindly pro-
vided by C. Sinzger) were employed. Both viruses were
propagated in HFFs and isolated by centrifugation from the
supernatants when fibroblasts exhibited excessive cytopathic
effects according to standard protocols. Viral pellet was resus-
pended in cell culture medium and virus aliquots were stored at
¡80�C until use. Virus titer of viral stocks was assessed by a stan-
dard plaque assay method performed on the HFFs. For viral
infections, the cells were infected with HCMV at the indicated
MOI, were incubated for 2 hours and then the inoculum was
removed and replaced by fresh medium. Moreover, in order to
compare the viral yield in different experimental conditions,
supernatants from HCMV-infected cells were harvested when
indicated and titrated on fresh HFFs by IE1 fluorescence, com-
bining 2 previously described approaches.55,56 Briefly, equal vol-
umes of each supernatant were used to infect fresh HFFs grown

on coverslips, and after 24 hours incubation, they were stained
for IE1. Cell nuclei were counterstained using DAPI. The per-
centage of infected cells (IE1-positive cells) was calculated and
statistical analysis was performed to compare the viral titers.

Ganciclovir (GCV), purchased from Sigma Chemicals (St.
Louis, MO), was dissolved in distilled water. Stock solutions
(10mM) were stored at ¡80�C, while HCMV-infected HFFs
were treated with GCV at a final concentration of 30 mM. Cyto-
chalasin B was purchased from Sigma Aldrich (Deisenhofen,
Germany) and dissolved in dimethyl sulfoxide at 2 mg/ml. Prior
to use, it was added to the culture medium to yield a final con-
centration of 2 mg/ml. The microtubule-depolymerizing agent,
nocodazole (Sigma Aldrich, Deisenhofen, Germany), was also
diluted in DMSO and used at a final concentration of 2 mM.
HCMV-infected cells were treated with either Cytochalasin B or
nocodazole for 1 hour in fresh medium, 5 d.p.i. and subse-
quently the cells were fixed and stained.

Transient transfection
The retroviral vector, mRFP-ENDO (mRFP-RhoB), expres-

sesing RhoB fused to the red fluorescent molecule, mRFP, was
kindly provided by L. Opresco (Pacific Northwest National Lab)
and was used for transfection experiments. For live cell imaging,
the HFFs were transfected with the mRFP-RhoB vector using
the Amaxa Nucleofector kit for primary mammalian fibroblasts
according to the manufacturer’s instructions (Amaxa Biosystems,
Cologne, Germany). Cells were electroporated in suspension,
plated in chambers with coverslip quality glass bottoms (Lab-
Tek; Nunc) and infected with the recombinant virus, UL32-
EGFP-HCMV-TB40, the following day.

Live cell microscopy
Time-lapse microscopy was performed as previously

described.82 Briefly, the cells were seeded into 2-well, chambered
coverglass units with coverslip quality glass bottoms (Lab-Tek;
Nunc) at a density of 2 £ 105 cells per well. Live cells were
observed under a Leica DMIRE2 inverted fluorescence micro-
scope, equipped with a Leica DFC300 FX digital camera, using a
£63 dry objective lens. To maintain cell viability for prolonged
times of the experiments, the microscope stage was enclosed
within a controlled environment of constant temperature, CO2

and humidity. The excitation wavelength was controlled by mer-
cury lamp illumination and a manual filter wheel equipped with
filters suitable for EGFP, the monomeric red fluorescent protein
and DAPI. The camera image acquisition was controlled by
IM50 software (Leica). Particular care was taken in order to avoid
overlap between channels by collecting the data from each chan-
nel sequentially and routing the emission signals through appro-
priate band pass filters. Single images or timed image sequences
were exported as TIFF files from the IM50 software.

Lentiviral production and transduction
The doxycycline-inducible TRIPZ lentiviral shRNA vector

targeting RhoB, TRIPZshRhoB, (Clone ID: V2THS_172671)
as well as the TRIPZshRNA lentiviral non-targeting (scrambled)
vector, TRIPZshscr, (Clone ID: RHS4743) were purchased from
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Thermo Scientific-Dharmacon. In these vectors, turboRFP and
shRNA are part of a single transcript, allowing the visual marking
of shRNA-expressing cells. HEK 293T cells were co-transfected
with the vectors TRIPZshRNA (expressing either shRhoB or
scrambled shRNA), pCMV/VSV-G (where VSV-G is vesicular
stomatitis virus protein G) and pCMV-dR8.2 dvpr. Transfection
was carried out using Turbofect transfection reagent (Thermo
Scientific). The pLKO.1 lentiviral empty vector (EV) or the
pLKO.1scr vector, expressing a scrambled shRNA served as a
negative controls. To transduce the HFFs with the packaged
viruses, early passage cells were incubated with the lentiviral
supernatants in the presence of 5 mg/ml polybrene (Sigma-
Aldrich, Deisenhofen, Germany) for 24 hours. Forty-eight hours
later, cells were selected with puromycin (2mg/ml). Transduced
cells were treated with doxycycline (500ng/ml), when required,
to induce shRNA expression.

Antibodies/immunofluorescence/Western Blot analysis
The HCMV immediate-early IE1 and early pUL44 gene

products were detected using monoclonal antibodies against IE1
(BS500) and pUL44 (BS510), respectively, as previously
described.83 The viral tegument protein pUL32 was detected
using the mouse monoclonal antibody (MAb) XP1,51 the UL97
gene product was detected using the mouse polyclonal antibody
#1343,84 while the UL99-encoded pp28 mouse monoclonal anti-
body (10B4-29) was also used (kind gift of T. Shenk, Princeton
University).85 Antibodies against HCMV pp65 (sc-71229),
RhoB (sc-180), TGN38 (sc-271624), Rab5 (sc-46692) and
b-actin (sc-8432) serving as a loading control in western blot
analysis, were purchased from Santa Cruz (Santa Cruz, CA).
Rhodamine (phalloidin R415) and fluorescein phalloidin (F432)
were purchased from Molecular Probes (Eugene, OR); a mono-
clonal antibody against tubulin (DM1A) was purchased from
Sigma.

Anti-mouse, as well as anti-rabbit horseradish peroxidase-con-
jugated secondary antibodies were obtained from Sigma while
Alexa 488 and Cy3-conjugated secondary antibodies were pur-
chased from Molecular Probes.

For indirect immunofluorescence experiments, the HFFs were
seeded on 13-mm diameter glass coverslips and infected with
either HCMV AD169 or with UL32-EGFP-HCMV-TB40 at a
confluency of at least 70%. Cells were fixed and stained on the
day indicated for each experiment. The conditions for fixation
and immunodetection of viral and cellular proteins, were as

previously described.86 For microtubule staining, cells were fixed
in 4% paraformaldehyde in cytoskeleton buffer (1.1 M
Na2HPO4, 0.4 M KH2PO4, 137 mM NaCl, 5 mM KCl,
2 mM MgCl2, 2 mM EGTA, 5mM PIPES, 5 mM Glucose, pH
6.1) for 5 min at room temperature.

For Western blotting, extracts from infected or lentiviral
transduced cells were prepared in sodium dodecyl sulfate loading
buffer, separated on sodium dodecyl sulfate-containing 8–10%
polyacrylamide gels, and transferred to nitrocellulose membranes.
Western blotting and chemiluminescence detection were per-
formed as previously described.87

Real-time PCR
The Nanogen Q-CMV Real-Time PCR kit (Nanogen

Advanced Diagnostics,Italy) was used to quantify the HCMV
genomes in combination with the ABI 7500 Fast system (ABI).
The primers for HCMV are specific for the exon 4 region of the
HCMV MIEA gene (major immediate early antigen, HCMV
UL123) while in parallel, a region of the human b globin gene is
also amplified. The limit of detection of the assay is approxi-
mately 0.25log10 copies/ml. All reactions were performed in trip-
licate, following the manufacturer’s instructions.
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